Abstract -An overview of traceability issues of loss measurements of EHV 3-phase shunt reactors is presented. Loss measurements of a 345 kV -55 MVAr three-phase shunt reactor at SMIT Transformers, including their uncertainties, are presented and discussed. The measurement results are confirmed with those obtained using a special HV inductance bridge.
INTRODUCTION
For economic reasons, large high-voltage (HV) shunt reactors are designed to operate at very low power factors, typically 0.001 to 0.004. Accurate loss measurement at such low power factors is difficult because of the presence of the large quadrature component of current. The acceptable accuracy limits when measuring loss in HV shunt reactors are important to manufacturers and utilities since there is a penalty (at least $5 000/kilowatt} for every kilowatt of loss exceeding the guaranteed value. The excess penalty because of measurement error with 5 percent and 1 percent uncertainty, could amount to at least $50 000 and $100 000 respectively for a 0.001 power factor, 200 MVA shunt reactor. For a power measurement that is accurate to 1 percent of 0.001 power factor, a technique with an overall accuracy of (0.001 x 1} or 0.001 percent is required. It is therefore very important that the loss measurement system be properly calibrated to ensure that it meets its proper accuracy specifications and traceability to higher echelon standards requirements.
II. MEASUREMENT METHODS
High voltage power measurements at very low power factors can be done with either the wattmeter method or the bridge method.
In the wattmeter method, it requires accurate settings of the test voltage or current, including their accurate measurements which determine the overall uncertainty of the power loss measurements. This can be seen from the following equation:
where W, V, I, and tanφ, are the power loss, test voltage, current, and loss tangent, respectively, Therefore, from (1) the power loss measurement accuracy is determined by the accurate setting of the test voltage V or current I, including accurate measurements of the corresponding test voltage V or current I, and of course the wattmeter accuracy. For an EHV shunt reactor with a power factor of 0.001, depending on the accuracy of the voltage/current/power measurements, the wattmeter method could possibly achieve an uncertainty/accuracy of about 10% to 20% for its power loss measurements. The wattmeter loss measurement system could be calibrated by calibrating the main components or by calibrating the overall system using a "portable" load loss standard of the National Research Council of Canada [1] . The system errors could then be accounted for, improving the overall accuracy of the loss measurements to about 5%, or better, at a power factor of 0.001.
In the bridge method, a high voltage current-comparatorbased capacitance bridge with a two-stage current transformer can be used to measure the inductance and loss angle of shunt reactors [2] . The features of the bridge that make this possible are the ability to reverse the phase of the reactor current and to measure what is essentially a negative phase angle. With an inductive impedance (R X + jωL X ) replacing the capacitor C X , and the polarity of the primary winding of the current transformer reversed, at bridge balance the power loss P is given by
where C S is the high-voltage low-loss reference capacitor of the bridge, n is the current ratio of the two-stage current transformer, and N and tanδ are the bridge readings for the inphase and quadrature balance, respectively. The equations are developed in terms in terms of the loss tanδ since the bridge is direct reading in this quantity. It is important to note here that the bridge-balance parameters are in themselves not sensitive to small voltage fluctuations, so the values for the voltage V and the current I can be those for which the loss measurement was requested and not the actual values encountered in the measurement. With the current-comparator-based high voltage capacitance bridge having ratio errors of less than 10 x 10 -6 in both magnitude and phase, an uncertainty of less than 1% could be achieved for power loss measurements of a shunt reactor at a power factor of 0.001 [2] . Although the currentcomparator-based high-voltage capacitance bridge is a highly accurate bridge, under certain test conditions its measurement results could be erroneous. A special current-comparatorbased high-voltage inductance bridge was developed at the National Research Council of Canada to address this issue [3] .
III. THREE-PHASE SHUNT REACTORS
The measurement of loss in EHV three-phase shunt reactors, depending on their construction design, could pose additional problems because of the inaccessibility of phase currents at the neutral or low voltage end of the windings. Special input current transformers, insulated to withstand the circuit impedance voltage at the high-voltage end of the windings, must be provided. In certain countries, EHV threephase shunt reactors are designed to have the low voltage end of the windings outside the oil tank. This means that the input current transformers could be connected at the low voltage end of the windings, allowing the use of the more accurate HV current-comparator-based bridge measurement method for the loss measurements. This is the case for the three-phase shunt reactor-under-test that is discussed in the next paragraph.
In a three-phase loss measurement system that is used for loss measurements of power transformers, when properly calibrated to ensure that it could provide an appropriate accurate loss measurements at very low power factors, could also be used for loss measurements of high voltage threephase shunt reactors. At the SMIT Transformers high voltage test laboratory, its loss measurement system is an advanced measurement system, a computer-controlled system designed to measure three-phase voltage (line-to-ground) from 100 V up 100 kV and current from 2 A up to 4000 A. Its current measurement in each phase is made using oil-filled electronically-aided current transformers of 125 kV insulation class. Thus, in order to be able to do loss measurements of EHV three-phase shunt reactors with rated system voltages of 345 kV (200 kV line-to-ground) and higher, a step-up power transformer rated 500 MVA 400/150/50 kV is used for a loss measurements of a 55 MVAr -345 kV three-phase shunt reactors, as shown in Fig. 1. In Fig. 1 , the step-up power transformer SUT provides the means to have the losses of the 345 kV 3-phase shunt reactor to be measured at the proper rated voltage of 345 kV line-to-line voltage.
The process of loss measurements of the 345 kV threephase shunt reactor is as follows. Before connecting the EHV three-phase shunt reactor HVSR to the step-up transformer SUT, the load and no-load losses of SUT have to be measured first. They are measured using the 3-phase transformer loss measuring system, which has already been calibrated systemwise [4] , by short circuiting and open circuiting the output terminals of SUT, respectively. Taking into account the 3-phase transformer loss measurement system, the overall errors of the 3-phase SUT would be known and could be accounted for, when measuring the losses of the three-phase shunt reactor. Also, the loss measurements results are compared to those obtained using the special current-comparator-based high-voltage inductance bridge [3] . Traceability of the loss measurements of the EHV three-phase shunt reactor using SMIT three-phase power transformer loss measurement system could be achieved through calibration of its main components or system-based calibrations. In this case, it was done through a system-based calibration using a "portable" load loss standard of the National Research Council of Canada [1] , as explained in section II "MEASUREMENT METHODS". Discussions on its traceability requirements will be presented, including comparison results with those obtained with the special high-voltage inductance bridge. .
V. CONCLUSION
An overview of traceability issues on loss measurements of EHV three-phase shunt reactors, including the measurement results of a 345 kV -55 MVAr three-phase shunt reactor and their uncertainties at SMIT Transformers, are discussed and will be presented.
